The novel peptide, angiotensin (ANG)-(1-12), elicits a systemic pressor response and vasoconstriction. These effects are blocked by ANG converting enzyme (ACE) inhibitors or AT 1 receptor antagonists, suggesting a role as an ANG II precursor. However, ANG-(1-12) can serve as a substrate for either ANG II or ANG-(1-7) formation, depending on the local tissue enzymes. Although levels of ANG-(1-12) are higher than ANG I or ANG II in brain, the role and processing of this peptide for autonomic control of heart rate (HR) has yet to be considered. Thus we examined the effects of nucleus tractus solitarii (NTS) microinjection of ANG-(1-12) on baroreflex sensitivity for control of HR, resting arterial pressure (AP) and HR, and indexes of sympathovagal balance in urethane/chloralose anesthetized Sprague-Dawley rats. NTS injection of ANG-(1-12) (144 fmol/120 nl) significantly impaired the evoked baroreflex sensitivity to increases in AP [n ϭ 7; 1.06 Ϯ 0.06 baseline vs. 0.44 Ϯ 0.07 ms/mmHg after ANG-(1-12)], reduced the vagal component of spontaneous baroreflex sensitivity and HR variability, and elicited a transient depressor response (P Ͻ 0.05). NTS pretreatment with an AT1 receptor antagonist or ACE inhibitor prevented ANG-(1-12)-mediated autonomic and depressor responses. ANG-(1-12) immunostaining was observed in cells within the NTS of SpragueDawley rats, providing a potential intracellular source for the peptide. However, acute NTS injection of an ANG-(1-12) antibody did not alter resting baroreflex sensitivity, AP, or HR in these animals. Collectively, these findings suggest that exogenous ANG-(1-12) is processed to ANG II for cardiovascular actions at AT 1 receptors within the NTS. The lack of acute endogenous ANG-(1-12) tone for cardiovascular regulation in Sprague-Dawley rats contrasts with chronic immunoneutralization in hypertensive rats, suggesting that ANG-(1-12) may be activated only under hypertensive conditions. baroreflex; autonomic THE RENIN-ANGIOTENSIN (ANG) system is a series of enzymesubstrate interactions that generates biologically active peptides involved in regulation of the cardiovascular system (27). In the classical renin-ANG system, the precursor angiotensinogen is cleaved by renin into the decapeptide ANG I. ANG I is subsequently cleaved by ANG converting enzyme (ACE) to form ANG II, the primary effector peptide of the reninangiotensin system, which acts at AT 1 receptors to induce sympathetic activation, vasoconstriction, and suppression of baroreflex function (27). New pathways for the production of biologically active peptides have been revealed in the past few decades, including the formation of ANG-(1-7) through cleavage of ANG I or ANG II by neprilysin or ACE2, respectively (39). The vasodilation and facilitation of baroreflex function produced by ANG-(1-7) oppose actions of ANG II (39), suggesting that a balance of these two peptides is important in cardiovascular physiology and pathophysiology.
THE RENIN-ANGIOTENSIN (ANG) system is a series of enzymesubstrate interactions that generates biologically active peptides involved in regulation of the cardiovascular system (27) . In the classical renin-ANG system, the precursor angiotensinogen is cleaved by renin into the decapeptide ANG I. ANG I is subsequently cleaved by ANG converting enzyme (ACE) to form ANG II, the primary effector peptide of the reninangiotensin system, which acts at AT 1 receptors to induce sympathetic activation, vasoconstriction, and suppression of baroreflex function (27) . New pathways for the production of biologically active peptides have been revealed in the past few decades, including the formation of ANG-(1-7) through cleavage of ANG I or ANG II by neprilysin or ACE2, respectively (39) . The vasodilation and facilitation of baroreflex function produced by ANG-(1-7) oppose actions of ANG II (39) , suggesting that a balance of these two peptides is important in cardiovascular physiology and pathophysiology.
The complexity of the renin-ANG system is further increased by the recent discovery of ANG-(1-12), a C-terminally extended peptide longer than ANG I (30) . ANG-(1-12) is present in plasma and peripheral tissues and elicits a systemic dose-dependent pressor response and vasoconstriction of isolated aortas in Wistar rats. These effects are abrogated by ACE inhibition or ANG II AT 1 receptor blockade, suggesting that ANG-(1-12) is processed to ANG II for peripheral cardiovascular actions (30) . Similar to findings in the circulation, cardiac perfusion of ANG-(1-12) increases ANG II levels and produces AT 1 -mediated coronary artery vasoconstriction, providing evidence for primary processing of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) to ANG II in cardiac tissue (35) . However, exogenous ANG-(1-12) is metabolized to both ANG II and ANG-(1-7) independent of renin in isolated perfused hearts from normotensive and hypertensive rats (40) . Furthermore, a preliminary report suggests that ANG-(1-12) is processed to ANG-(1-7) by neprilysin in rat kidneys (8) , suggesting potential tissue-specific processing of ANG-(1-12) into either ANG II or ANG-(1-7) depending on the local enzyme milieu.
Levels of ANG-(1-12) are reported to be higher than ANG I or ANG II in brain tissue, where a local renin-ANG system exists (30) . Central immunoneutralization of ANG-(1-12) lowers arterial pressure (AP) and improves baroreflex sensitivity and heart rate (HR) variability in hypertensive (mRen2)27 rats, suggesting a role for endogenous ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) as an ANG II precursor in brain pathways regulating blood pressure and autonomic function in hypertension (21, 22) . However, the sites for ANG-(1-12) actions or processing pathways in the brain have not been elucidated. The nucleus tractus solitarii (NTS), a key brainstem region that mediates baroreflex function (2) , is a known site of action for modulation of autonomic balance by ANG peptides (14) . Given that enzymatic activities for ACE, ACE2, and neprilysin are all detected in dorsal medulla of Sprague-Dawley rats (12) , ANG-(1-12) could be processed to either ANG II or ANG-(1-7) within the NTS for cardiovascular actions. Thus we delineated the local processing and effects of exogenous ANG-(1-12) within this nucleus on baroreflex sensitivity for control of HR, resting AP and HR, and other markers of sympathovagal balance in normotensive Sprague-Dawley rats. We further assessed the expression of ANG-(1-12) within the NTS and determined the role of endogenous ANG-(1-12) to resting cardiovascular and baroreflex function in these animals.
METHODS
The Institutional Animal Care and Use Committee approved the following procedures. All methods have been recently published by our laboratory in detail (3, 4, 37) .
Animals. Experiments were performed in 3-to 5-mo-old male Hannover Sprague-Dawley rats from the Hypertension and Vascular Research Center Colony, Wake Forest University School of Medicine (Winston-Salem, NC). Animals were housed in humidity-and temperature-controlled rooms in group cages (12-h:12-h light-dark cycle) with free access to standard rat chow and water. A total of 35 animals were used, with the numbers for each individual experiment listed below.
Surgical procedures. Rats were anesthetized with combination urethane-chloralose (750 and 35 mg/kg, respectively) via intraperitoneal injections with supplemental intravenous doses as needed. Rats were instrumented with femoral artery and vein catheters [polyethylene (PE)-50 tubing] and placed in a stereotaxic frame with the head tilted downward (45°) for surgical exposure of the dorsal medulla oblongata. A 30-min stabilization period was allowed before baseline measurements were recorded.
Measurement of resting AP and HR. Pulsatile AP and electronically derived mean AP were monitored by a strain gauge transducer connected to the femoral artery catheter, recorded, and digitized using a Data Acquisition System (Acknowledge software Version 3.8.1; Biopac System, Santa Barbara, CA), and HR was determined from the AP wave.
Reflex testing. The baroreflex sensitivity for AP-induced slowing of HR was established by bolus intravenous administration of randomized, graded doses of phenylephrine (2, 5, and 10 g/kg in 0.9% NaCl) with 5-min periods allowed between doses. Maximum mean AP responses (⌬MAP; mmHg) and associated reflex changes in HR (⌬HR; beats/min) were recorded for each dose of phenylephrine, and ⌬HR was converted to pulse interval changes (⌬PI; ms) by the formula: 60,000/HR. The slope of the line fit through the ⌬MAP and corresponding ⌬PI was used as an index of baroreflex sensitivity for control of HR as previously reported (3, 4, 37) . Since ANG peptides do not alter the baroreflex sensitivity for tachycardia to decreases in AP induced by sodium nitroprusside, we performed bolus testing, which is more sensitive to parasympathetic alterations relative to infusion testing (25) . Depressor and bradycardic responses to cardiac vagal chemosensitive fiber activation were established by bolus intravenous administration of phenylbiguanide (10 g/kg in 0.9% NaCl). All reflex testing was completed within 20 min.
NTS microinjections. At least 30 min was allowed after baseline measurements. Multibarreled glass micropipettes were used to perform bilateral microinjection of drugs into the NTS [0.4 mm rostral, 0.4 mm lateral to the calamus scriptorius (caudal tip of the area postrema), and 0.4 mm below the dorsal surface]. Peak changes in AP and HR were measured, and baroreflex sensitivity and responses to cardiac vagal chemosensitive fiber activation were retested at 10 min after the injection with each animal used as its own control. After experiments, the medulla was removed, frozen, and cryostat sectioned (30 m) to assess microinjection sites. As recently illustrated (4), data were only included in this study if the pipette tip was localized within the medial NTS at rostrocaudal level Ϫ13.3 to Ϫ14.0 mm caudal to bregma; the success rate was Ͼ90%.
Treatments. Drugs were dissolved in artificial cerebrospinal fluid (pH 7.4) at doses similar to those found functionally effective in previous microinjection studies (3, 4, 6, 13, 37) . We have previously shown that injection of artificial cerebrospinal fluid has no effect on resting AP, HR, baroreflex sensitivity, cardiac vagal chemosensitive fiber activation responses, or indexes of sympathovagal balance in young Sprague-Dawley rats (4, 37 (36, 72 , or 144 fmol/120 nl; n ϭ 4, 4, and 7); each dose was tested in separate animals. In a subset of animals receiving the 144 fmol dose of ANG-(1-12) (n ϭ 4), the baroreflex sensitivity was assessed at 10, 60, and 120 min after the initial injection to establish a time course for the actions of ANG-(1-12) on baroreflex function. In separate experiments, the AT 1 receptor antagonist candesartan (n ϭ 4; CV-11974; 24 pmol/120 nl) or ACE inhibitor bradykinin-potentiating nonapeptide 9-␣ (n ϭ 4; BPP9␣; Bachem; 0.9 nmol/60 nl) was injected into the NTS before subsequent injection of 144 fmol ANG-(1-12). The baroreflex sensitivity was assessed at 10 min after candesartan injection and at 10 and 60 min after BPP9␣ injection followed immediately by ANG-(1-12) administration and subsequent reflex testing. These protocols were based on previously established time courses of action for candesartan and BPP9␣ on baroreflex sensitivity (3, 20, 37) . An antibody to ANG-(1-12) [n ϭ 5; anti-ANG-(1-12) IgG; AnaSpec; 0.4 g/120 nl] or control preimmune IgG (n ϭ 4) was injected into the NTS of separate Sprague-Dawley rats to assess the endogenous ANG-(1-12) tone for resting baroreflex regulation. The method for production of the polyclonal ANG-(1-12) antibody has been previously reported (22) . In addition, this antibody has been characterized in heart and kidney tissue and shown to be specific to ANG-(1-12) with minimal cross reactivity (Ͻ0.01%) for ANG I, ANG II, or ANG-(1-7) (24) .
Indexes of sympathovagal balance. A minimum of 5 min of AP and HR recordings was obtained during baseline and after NTS injections for post-hoc spectral analysis of markers of sympathovagal balance (Nevrokard SA-BRS) (4, 38) . Power spectral densities of systolic AP and beat-to-beat interval (RRI) oscillations were computed, transformed, and integrated over specified frequency ranges [low frequency (LF) ϭ 0.25-0.75 Hz; high frequency (HF) ϭ 0.75-3.0 Hz]. The square root of the ratio of RRI and systolic AP powers were used to calculate the HF␣ and LF␣ markers of the spontaneous baroreflex sensitivity. In rats, HF␣ is abolished by atropine and is considered to be a marker of vagal activity of the spontaneous baroreflex sensitivity. Although LF␣ is a marker of primarily sympathetic activity of the spontaneous baroreflex sensitivity, it is partially controlled by vagal tone (1, 23) . The power of RRI spectra in LF and HF ranges was normalized, and the ratio of LF RRI to HFRRI was used as an index of cardiac sympathovagal balance, following a precedent of previously published reports (1, 32) . HR variability was measured by time domain analysis as the root mean square of successive differences. The LF component of systolic AP variability (LFSAP) expressed in normalized units was used as a marker of sympathetic tone. LFSAP is abolished after sympathetic blockade in humans and rodents and tracks closely with changes in directly measured peripheral nerve activity in humans (7, 23, 32) .
Immunolocalization of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in the NTS. Sprague-Dawley rats (n ϭ 3) were anesthetized with isoflurane and sequentially perfused via the left ventricle with sodium phosphate buffer (pH 7.4) containing 4% paraformaldehyde as previously described (18) . Serial cryostat sections (30 m) were obtained from frozen brains and stored as floating sections. Floating sections were rinsed, blocked in 5% donkey serum, and incubated with the rabbit anti-ANG-(1-12) primary antibody (1:100) overnight at 4°C, followed by 1 h incubation with affinity purified donkey anti-rabbit IgG secondary antibody (1:150; Jackson Immunoresearch Laboratories) conjugated to horseradish peroxidase. Color was developed with 3,3=-diaminobenzidine HCl/H2O2 (Thermo Scientific). Sections were examined using a Leica DM microscope (Leica Microsystems) and photographed with a QImaging Retiga 1300R Camera and the Simple PCI version 6.0 computer-assisted imaging software (Hamamatsu). For immunofluorescent localization, floating brain sections (30 m) were incubated overnight with anti-ANG-(1-12) (1:100), rinsed and subsequently incubated with a FITC-coupled goat anti-rabbit antibody (1:200), and visualized by fluorescence using the Leica DM microscope. Control sections were treated in the absence of the primary antibody or with preincubation of the primary antibody with the ANG-(1-12) peptide (40 M) to which the antibodies were directed.
Analysis of data. Values are presented as means Ϯ SE. ANG-(1-12) dose-response experiments were analyzed by one-way ANOVA with post-hoc Student Newman-Keuls multiple comparisons for the different groups of animals. Changes in the evoked baroreflex sensitivity over time, resting AP and HR over time, and NTS pretreatment experiments were analyzed using repeated-measures ANOVA with post-hoc comparisons by Student-Newman-Keuls. Changes in indexes of sympathovagal balance in response to ANG-(1-12) were compared with baseline using an unpaired t-test. The criterion for statistical significance was P Ͻ 0.05, and tests were performed using Prism 4.0 and InStat3 (GraphPad, San Diego, CA).
RESULTS

Resting mean AP and HR in response to NTS microinjection of ANG-(1-12).
There were no significant differences in resting baseline hemodynamics among animals receiving various doses of ANG-(1-12) ( Table 1) . NTS injection of 36 fmol ANG-(1-12) had no significant effect on resting mean AP or HR. The 72-and 144-fmol doses of ANG-(1-12) elicited significant depressor responses (Table 1 ; P Ͻ 0.05), which were similar in magnitude and peaked at 3 Ϯ 1 min, with no effect on resting HR (Fig. 1) . Mean AP and HR returned to baseline levels and were stable at 10 min after the initial injections, immediately before baroreflex testing.
ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and baroreflex function. Resting values of baroreflex sensitivity to increases in AP were similar among groups of Sprague-Dawley rats used for the 36-, 72-, or 144-fmol injections (1.19 Ϯ 0.11 vs. 1.29 Ϯ 0.15 vs. 1.07 Ϯ 0.05 ms/mmHg, respectively). NTS injection of 36-fmol ANG-(1-12) did not significantly alter the baroreflex sensitivity at 10 min ( Fig. 2A) . In contrast, the 72-and 144-fmol doses of ANG-(1-12) significantly impaired the baroreflex sensitivity by 52% and 63%, respectively ( Fig. 2A ; P Ͻ 0.05), at this time point. The 144-fmol dose was used for the remainder of experiments. The time course for the effects of ANG-(1-12) on baroreflex function showed suppression of the baroreflex sensitivity at 10 and 60 min with recovery to baseline levels at 120 min after the initial injection ( Fig. 2B ; P Ͻ 0.05). The specificity of baroreflex modulation is supported by the fact that the ANG-(1-12) injection did not alter depressor [Ϫ73 Ϯ 4% baseline vs. Ϫ70 Ϯ 3% after ANG-(1-12); n ϭ 7] or bradycardic [Ϫ74 Ϯ 6% baseline vs. Ϫ73 Ϯ 2% after ANG-(1-12)] responses to activation of cardiac vagal chemosensitive fibers, which converge with baroreceptor inputs in the NTS.
Effect of ANG-(1-12) on indexes of sympathovagal balance. ANG-(1-12) injection significantly reduced the HF␣ index (P Ͻ 0.05; Fig. 3A ) with no effect on the LF␣ component of the spontaneous baroreflex sensitivity (Fig. 3B) , resulting in an overall increase in the ratio of LF RRI to HF RRI (P Ͻ 0.05; Values are means Ϯ SE and represent mean arterial pressure (AP) and heart rate (HR) at baseline, peak changes in response to nucleus tractus solitarii (NTS) injection of ANG-(1-12), and at 10 min after injection (immediately before reflex testing); n ϭ 4 animals for the 36 and 72 fmol groups and n ϭ 7 for the 144 fmol group. *P Ͻ 0.05 vs. respective baseline. Table 2) . Injection of candesartan alone decreased resting mean AP with no effect on HR. In contrast, injection of BPP9␣ alone decreased resting HR with no effect on mean AP. Importantly, mean AP and HR recovered to baseline levels at 10 min after these injections and were stable immediately before ANG-(1-12) administration. NTS pretreatment with candesartan or BPP9␣ prevented depressor responses induced by ANG-(1-12) ( Table 2 ). Candesartan alone increased the evoked baroreflex sensitivity for bradycardia and HF␣ (Fig. 4 , A and B; P Ͻ 0.05), with a trend for an increase in HR variability ( Fig. 4C ; P ϭ 0.053) at 10 min after injection. There was no significant effect of candesartan on the ratio of LF RRI to HF RRI (Fig. 4D) at this time point. Injection of BPP9␣ alone did not significantly alter baroreflex sensitivity, HR variability, or sympathovagal balance at 60 min after the injection (Fig. 5 ). NTS pretreatment with either candesartan or BPP9␣ prevented ANG-(1-12)-mediated impairments in baroreflex sensitivity and HR variability as well as the shift in the ratio of LF RRI to HF RRI toward sympathetic dominance (Figs. 4 and 5) .
Immunolocalization of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) within the NTS. Analysis of the immunostaining pattern in serial sections from rostrocaudal level Ϫ14.3 mm to Ϫ13.0 mm caudal to bregma revealed the presence of ANG-(1-12) throughout the NTS, encompassing the area of expected microinjection spread. As visualized by immunostaining techniques, ANG-(1-12) was widely expressed in medulla of Sprague-Dawley rats (Fig. 6) . Dense ANG-(1-12) staining was observed within the vicinity of the NTS, area postrema, dorsal motor nucleus of the vagus, hypoglossal, cuneate, gracile, and inferior olive nuclei (Fig. 6,  A and D) . ANG-(1-12) staining was abolished by preincubation of the antibody with the ANG-(1-12) peptide (Fig. 6B) , suggesting specific staining for ANG-(1-12). In the absence of primary antibody no endogenous peroxidase activity was detected in brain tissue (Fig. 6C) . A higher magnification using either light (Fig. 6, E and F) or fluorescence (Fig. 6, G and H 3 . Spontaneous BRS and indexes of sympathovagal balance. NTS injection of ANG-(1-12) (144 fmol; n ϭ 7) impaired the vagal component (A) with no effect on the sympathetic component (B) of the spontaneous BRS, resulting in an overall increase in sympathovagal balance (C). ANG-(1-12) injection also significantly reduced heart rate variability (D). HF, high frequency; LF, low frequency; rMSSD, root mean square of successive differences; RRI, beat-to-beat interval. *P Ͻ 0.05 vs. baseline. Values are means Ϯ SE and represent mean AP and HR at baseline (immediately before injections), peak changes in response to NTS injections of inhibitors alone or inhibitors followed by subsequent administration of ANG- (1-12) , and values after injection (immediately before reflex testing); n ϭ 4 animals for each group. *P Ͻ 0.05 vs. respective baseline. 
DISCUSSION
The goal of the present study was to determine the processing of exogenous ANG-(1-12) and role of endogenous ANG-(1-12) for autonomic control of HR within the NTS of Sprague-Dawley rats. The novel findings of this study are that within the NTS of normotensive rats exogenous ANG-(1-12) elicits 1) a transient decrease in resting AP with no change in HR; 2) impairments in the vagal component of the evoked and spontaneous baroreflex sensitivity, with no effect on the sympathetic component of the spontaneous baroreflex sensitivity; 3) reductions in HR variability; and 4) a shift in overall sympathovagal balance toward sympathetic dominance. These effects mimic those of ANG II and are opposite to those of ANG-(1-7) injected into this brain region, suggesting that although these peptides have sequences in common, the Cterminal residues dictate functional specificity. Pretreatment with either an AT 1 receptor antagonist or ACE inhibitor prevented ANG-(1-12)-mediated depressor and autonomic effects, providing further support that exogenous ANG-(1-12) is processed to ANG II for cardiovascular actions at AT 1 receptors within the NTS. In Sprague-Dawley rats, immunohisto- Fig. 4 . Effect of AT1 receptor antagonist pretreatment on ANG-(1-12) responses. A: candesartan (CAN; n ϭ 4) significantly improved the evoked BRS (A) and vagal component of the spontaneous BRS (B) with no effect on heart rate variability (C) or sympathovagal balance (D) at 10 min after NTS injection. Candesartan pretreatment prevented ANG-(1-12)-mediated impairments in BRS and the shift in sympathovagal balance toward increased sympathetic activity. *P Ͻ 0.05 vs. baseline. Fig. 5 . Effect of ANG converting enzyme (ACE) inhibitor pretreatment on ANG-(1-12) responses. A: NTS injection of bradykinin potentiating peptide 9-␣ (BPP9␣; n ϭ 4) had no significant effect on the evoked BRS (A), parasympathetic component of spontaneous BRS (B), heart rate variability (C), or sympathovagal balance (D) at 60 min. BPP9a pretreatment prevented ANG-(1-12)-mediated impairments in BRS and heart rate variability as well as the shift in sympathovagal balance. chemistry and immunofluorescence techniques showed localization of ANG-(1-12)-like staining in cell bodies and fibers within the NTS, suggesting an intracellular source for the peptide. However, NTS injection of an antibody to ANG-(1-12) had no short-term effect on resting AP or baroreflex sensitivity, suggesting a lack of acute ANG-(1-12) tone for central control of baroreflex function in normotensive animals at sites accessible to the antibody.
Low dose injection of either ANG II or ANG-(1-7) within the NTS results in transient depressor responses, in part mediated by glutamate and substance P release, that peak between 40 -45 s in normotensive rats (6, 10, 17) . The decrease in AP elicited by ANG-(1-12) was similar in degree and dose range as previously reported for both ANG II and ANG-(1-7), but with a peak response at 3 min. The slower time course for reaching a maximum effect on AP is consistent with the interpretation that ANG-(1-12) requires conversion before manifesting its actions either extraneuronally or following its uptake intraneuronally. In the face of the transient decrease in AP, there was no alteration in resting HR, which would be consistent with a blunting of baroreflex sensitivity by ANG- (1-12) .
After recovery of ANG-(1-12)-induced hypotensive effects, the evoked baroreflex testing and spectral analysis methods were conducted. Although eliciting similar initial cardiovascular responses, ANG II and ANG-(1-7) have opposing effects on baroreflex function, suggesting specificity of responses despite only one amino acid difference in these peptides (5, 9, 26) . ANG-(1-12) injection produced dose-dependent impairments in the baroreflex sensitivity to evoked increases in AP, consistent with known actions of ANG II. The highest dose of ANG-(1-12) suppressed baroreflex function to levels observed in hypertensive rodents (11, 31) with an extended time course of action. The time course for the effects of ANG peptides on baroreflex sensitivity and other indexes of sympathovagal balance has not been previously documented. The baroreflex sensitivity is typically assessed within 15 min after exposure to NTS microinjection of ANG peptides and is altered at these longer time points (5, 9, 37) well after the cessation of the depressor responses. Since previous reports show that different neural mechanisms are involved in the regulation of blood pressure and baroreflex function (3, 4, 37) , the timing of these hemodynamic and autonomic effects may differ. At the present time, we do not know the mechanisms underlying the prolonged baroreflex suppression in response to ANG-(1-12) administration within the NTS. However, alterations in nitric oxide and GABA as well as monoamine and other neuropeptide transmitter systems could be involved (15, 34) .
To complement the evoked baroreflex testing, spectral analysis methods were employed to assess the effects of ANG-(1-12) on markers of spontaneous autonomic balance. Spectral analysis, although controversial, is widely used to indirectly assess sympathetic and parasympathetic cardiovascular control (1, 7, 23, 32) . A highly significant correlation exists between baroreflex sensitivity values obtained by evoked and spectral analysis methods in humans and rodents (33, 38) . Consistent with known actions of ANG II to specifically modulate the evoked baroreflex sensitivity for bradycardia, injection of ANG-(1-12) reduced the parasympathetic component with no effect on the primarily sympathetic component of the spontaneous baroreflex sensitivity in the HR spectrum. As a result, the ratio of LF RRI to HF RRI was higher, suggesting a shift in cardiac sympathovagal balance toward sympathetic dominance. Either an elevation in sympathetic or reduction in parasympathetic activity could contribute to this shift in autonomic balance. ANG-(1-12) reduced indexes of parasympathetic tone (evoked BRS for bradycardia, HF␣, HR variability) with no significant effect on indexes of sympathetic (LF SAP , LF␣) tone. Thus the ANG-(1-12)-mediated shift in sympathovagal balance appears to result primarily from parasympathetic inhibition, similar to known actions of ANG II.
In conscious and anesthetized rodents, administration of AT 1 receptor antagonists improves baroreflex sensitivity and HR variability, suggesting that endogenous ANG II tone suppresses parasympathetic function (28, 37) . Consistent with these findings, NTS injection of the AT 1 blocker candesartan alone significantly facilitated the evoked and spontaneous baroreflex sensitivity, with a trend for an increase in HR variability. Administration of the ACE inhibitor BPP9␣ alone did not significantly alter autonomic function. The finding that candesartan, but not BPP9␣ or the ANG-(1-12) antibody, acutely improves baroreflex function within the NTS suggests that ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) or ANG I has to be processed intracellularly with release of ANG II from cell bodies and terminals or is coming from an extracellular source. ANG-(1-12)-mediated depressor and autonomic effects were abolished by NTS pretreatment with either an AT 1 receptor antagonist or ACE inhibitor providing evidence for specific ANG II-mediated actions. Consistent with the ability to block exogenous ANG-(1-12) actions, BPP9␣ is a competitive extracellular peptide inhibitor of ACE (13) . In addition to preventing formation of ANG II, BPP9␣ also potentiates bradykinin and ANG-(1-7) levels, all of which may contribute to abrogating ANG-(1-12)-mediated impairments in baroreflex sensitivity and HR variability.
Collectively, the present studies suggest that exogenous ANG-(1-12) is processed to ANG II for modulation of cardiovascular and baroreflex function at AT 1 receptors within the NTS of normotensive rats. The present study supports enzymatic cleavage of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in the brain by ACE, which is similar to observations in the circulation (30) but may be distinct from cardiac processing (35) where chymase is implicated in the conversion of ANG-(1-12) into ANG II in isolated perfused hearts of Sprague-Dawley rats. It remains possible that ANG-(1-12) exerts direct effects on the cardiovascular system at AT 1 receptors; however, this seems unlikely based on the combined observations that peripheral (30) and central actions of ANG-(1-12) are abolished by ACE inhibitors.
Consistent with previous observations of brain content of ANG-(1-12) by radioimmunoassay (30), immunohistochemistry and immunofluorescence techniques revealed discrete ANG-(1-12) staining in cell bodies and fibers within the NTS and other brainstem nuclei involved in cardiovascular regulation in Sprague-Dawley rats. In the present study, we could not differentiate whether ANG-(1-12) was localized to glia versus neurons, elements which have been shown to differentially contribute to modulation of resting baroreflex sensitivity and AP (29, 36) . ANG-(1-12) endogenous to the NTS does not appear to contribute to resting baroreflex regulation in Sprague-Dawley rats since NTS injection of an antibody to ANG-(1-12) did not acutely alter resting AP, HR, or baroreflex sensitivity in these animals. However, the antibody is not likely to penetrate the cell resulting only in the immunoneutralization of the extracellular peptide. Since chronic central immunoneutralization of ANG-(1-12) lowers AP and improves baroreflex function and HR variability in (mRen2)27, but not Sprague-Dawley, rats (21, 22) , endogenous ANG-(1-12) existing at global brain sites accessible to the antibody may only alter cardiovascular regulation in hypertensive conditions associated with elevations in ANG II. Further suggesting pathological activation of ANG-(1-12) in cardiovascular disease, ANG-(1-12) levels are elevated in cardiac and renal tissue from hypertensive relative to normotensive rats (24) , and preconditioning of the heart with ANG-(1-12) worsens ischemia-reperfusion injury (35) .
Although there is a wide distribution of angiotensinogen in brain regions involved in cardiovascular regulation, central levels of renin are low (19) . This mismatch has been an ongoing topic of controversy for the biosynthesis of ANG peptides within the brain. The enzymatic pathways responsible for the generation of ANG-(1-12) remain unknown, but do not appear to involve renin (8, 16, 40) . Thus the discovery of ANG-(1-12) may provide an alternate, renin-independent pathway for the production of bioactive ANG peptides within the central nervous system. Indeed, exogenous administration of the peptide appears to be a functional precursor for ANG II H769 in brain pathways regulating baroreflex function. Why ANG-(1-12) is not processed into ANG-(1-7) for cardiovascular actions in the brainstem, especially given the local expression of ACE2 and neprilysin (12) , is of interest for further studies. Furthermore, understanding the regulation of processing of endogenous ANG-(1-12) for central cardiovascular regulation may improve our understanding of the RAS and allow for improvements in current therapies.
